Introduction
It has been established by various workers1'2>3' that the volume changes of isolated chloroplasts are mainly caused by two mechanisms; osmosis and light effects. In addition to these, other mechanisms, for example, effect of pH1~, and the presence of anions and cations in the suspending medium4'5~ have also been investigated. Recently, Molotkovsky and Zheskova6' reported briefly that swollen chloroplasts which were heated to 40° shrank to their initial volume when ATP, Mg+~ and bovine serum albumin (BSA) were added to the suspending medium.
Apart from their report, our knowledge about temperature-effects on the volume changes of isolated chloroplasts is quite meager.
In this experiment, therefore, the effect of temperature on the volume of isolated spinach chloroplasts placed in the dark was investigated from various points of view.
It was found that, when chloroplasts were heated above 30°, the volume of chloroplasts was remarkably increased, and that this swelling was affected by pH and the composition of the suspending medium.
Additions of ATP , Mg~~ and BSA suppress this swelling.
Details of the experiments are described below.
Materials and Methods
Spinach leaves, obtained as fresh as possible from a commercial source, were used to prepare the whole chloroplasts.
The procedures of preparation were the same as those described in a previous paper'.
Isolated chloroplasts were suspended in 0.4 M sucrose solution adjusted to pH 7.5 with 0.05 M Tris-HC1 buffer or with 0.04 M phosphate buffer (pH 7.5).
After the chloroplast suspensions were treated at various temperatures for 20 minutes, two ml aliquots of the suspensions (15-20 ug of chlorophyll per ml) were pipetted in each haematocrit (volume, 5 ml). Each haematocrit had, at its lower end, an extension of a smaller diameter, 0.05 ml in volume and graduated to 0 .002 ml. The packed volume was measured, after centrifugation for one hour at 3,500 g in the cold (2) . °Absorbancy measurement at 520 m1~ and a Coulter counter7~ were occasionally used to measure the volume changes. Effect of ~H of the suspending medium on the volume changes In this experiment, chloroplasts were isolated with 0.4 M sucrose buffered with 0.04 M of phosphate buffer (pH 7.5). After isolation, chloroplasts were suspended in a solution of the same composition but of different pH values.
It was found that pH affected the swelling to a remarkable degree ( Fig. 2) . At pH 5.0, swelling was suppressed even though temperature was raised to 52° ; almost a similar volume was retained during the experimental period. With an increase of the pH value, swelling was accelerated. 8.5). Each of these solutions has almost the same osmotic pressure. After incubation in these solutions at various temperatures for 20 minutes, the packed volume was measured. Fig. 3 shows that chloroplasts suspended in CaCl2 solution showed no distinct volume changes even when the temperature was raised, while in the other three media a marked swelling was observed with the increase of temperature.
Effect of ATP, Mg+~ and BSA
Chloroplasts were suspended in the media shown in Table 3 . This table shows that the addition of ATP and Mg~~ greatly suppresses the swelling.
This suppression-effect was accelerated by the addition of BSA. BSA itself has no effect on the swelling.
Microscopical 
Discussion
It was found in this experiment that chloroplasts swell considerably when they are heated to 50°, the maximum temperature examined. At 0° or 10°, this swelling was scarcely observed during the experimental period. Q10 at 30°-40° was calculated as 1.8, and 1.7 at 40°-50°. These values may indicate that some thermochemical reaction is related to this volume change.
Low pH value (in this experiment, 5.0) and Ca~~ suppress the swelling remarkably. When chloroplasts are suspended in CaCl2 solution or placed in the solution of pH 5.0, the surface of chloroplasts becomes very rigid and they are aggregated under a microscope. The chloroplast protein may be denatured by the acid pH, and chloroplasts are dehydrated by Cam+. These effects balance the swelling by heating, resulting in an unchanged chloroplast volume.
In a previous paperln, we reported that when chloroplasts were placed in a distilled water, a balloon was formed by osmosis and such balloon-formation was reversible when they were placed in a hypertonic solution. From the present investigation, it was confirmed that a balloon was also formed by heating.
In this case, however, the type of balloon-formation was a little different from the one observed by osmosis : stroma and grana moved to a peripheral part of the chloroplast, and they were not diffused inside the chloroplasts. It is well established with mitochondria12~ that the mitochondrial membrane is separated, in some cases, into an inner and outer membrane by swelling. We suppose from the microscopical observation that the balloon formed by beating may correspond to this mitochondrial observation. Only the outer membrane was swollen and the inner membrane remained adhered to the stroma. A more precise observation is expected in a future study.
It is quite interesting that the addition of ATP, Mg and BSA suppresses the swelling caused by heat. Molotkovsky and Zheskova6> reported that swollen chloroplasts heated to 40° shrank to the initial volume on the addition of ATP, Mg~~ and BSA, but this ATP-effect soon decreased. Hence, ATP must be added successively during the experimental period (about 10 minutes). In our study, ATP was added only once at the begining of the experiment and the effect continued through the experimentel period (20 minutes). This difference may be caused by the difference in the suspending medium used or the difference of the time of additions.
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Summary
The effect of temperature on the swelling of isolated chloroplasts placed in the dark was investigated.
1. At 0° and 10°, chloroplasts maintain almost the same volume during the experimental period (45 minutes), but when the temperature was raised swelling occured. A 3-to 4-fold increase, compared with the volume at 0', was observed at 50'.
2. Swelling was very greatly affected by the pH value. At pH 5.0, swelling was markedly suppressed even though the temperature was raised to 52°. At pH 8.5, however, the chloroplast volume reached (at 52') 4.3 times the initial value.
3. Chloroplast volume was maintained almost unchanged in the CaCl2 solution in spite of the changes of temperature, but in the KC1, NaCI and sucrose solutions a 
